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During the past 50 years, growth and differentiation molecules have been identified and shown to 
contribute importantly to many different biological functions. One of these, the recently discovered 
neuregulin (NRG) and the associated erbB receptors were first found to be important for 
differentiation of the peripheral nervous system, where they direct the differentiation of Schwann 
cells from neural crest precursors and contribute importantly to the formation of nerve-muscle 
synapses. More recently, these molecules have been identified as important contributors to the 
development of the brain. Our studies demonstrate that NRG-1 and the three erbB subunits that 
form functional NRG-1 receptors are present in high quantities in the brains of mammals, and they 
are differentially distributed. These anatomical data suggest that this signaling system is important 
in the mature brain. Studies by our group and others indicate that in the mature hippocampus both 
sustained synaptic excitation and neuronal damage increase the expression of NRG and erbB4 
receptor subunits. Second, both NRG-1 and erbB4 are overexpressed in glia that surrounds β-
amyloid plaques in the brains of patients with Alzheimer’s disease and in a double transgenic 
murine model of the disease. This accumulation appears to parallel the degree of pathogenesis. 
Third, application of NRG-1 to differentiated hippocampal neurons induces dendritic outgrowth and 
elaboration and increases the expression of several neurotransmission-related genes.  Fourth, in vivo 
microinjection of NRG-1 in the mature hippocampus enhances synaptic transmission. Together, 
these data indicate that NRG-1 is a pluripotent signaling system in the mature brain. 
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Neurotrophins are important in neuronal plasticity.  During the first half of the twentieth 
century the adult central nervous system (CNS) was considered to be static and incapable of 
appreciable remodeling or regeneration.  However, more recent research demonstrates that new 
neurons are born in adult brain (Kaplan and Hinds, 1977) and that mature neuronal networks are 
capable of extensive remodeling.  Although the mechanisms underlying the remodeling of mature 
neuronal networks are still poorly understood, several members of the neurotrophin family of 

growth factors (e.g., nerve growth factor [NGF] 
and brain-derived neurotrophic factor [BDNF]) 
appear to contribute significantly to neuronal 
plasticity in the mature CNS (Mamounas et al., 
2000; Springer and Loy, 1985).  The growth 
promoting role neurotrophins play in adult brain 
has been convincingly demonstrated for the 
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innervation that occurs following partial denervation of the hippocampal formation.  Following 
fimbria-fornix transection, NGF concentrations in the hippocampus increase (Collins and Crutcher, 
1985), and sympathetic fibers grow into the hippocampus from local blood vessels.  Local 
injections of NGF-neutralizing antibodies greatly inhibit this sympathetic ingrowth into the 
hippocampus (Springer and Loy, 1985).  Further, the retrograde degeneration of axotomized 
cholinergic neurons that occurs after fimbria-fornix transection can be prevented by administration 
of exogenous NGF (Gage et al., 1988; Hefti et al., 1989; Kromer, 1987; Williams et al., 1986).  
Likewise, BDNF potently induces regenerative sprouting of serotonergic neurons in the 
hippocampus following p-chloroamphetamine lesioning (Mamounas et al., 2000).  These studies 
and others illustrate the important roles that growth factors play in the physiological response of the 
adult brain to traumatic injury, and they suggest that these proteins perform ongoing functions in 
mature neurons. 
 
Neuregulin-1 and erbB receptors provide diverse signaling in the nervous system. 

Members of the neuregulin-1 (NRG-1) family of growth and differentiation factors may also 
contribute to neuronal survival and synaptic reorganization in the developing and mature nervous 
system.  NRG-1 proteins are members of the epidermal growth factor (EGF) superfamily (Prigent et 
al., 1992) and include the heregulins, neu differentiation factor (NDF), the glial growth factors 
(GGF), acetylcholine receptor inducing activity (ARIA), and sensory and motor neuron-derived 
factor (SMDF; reviewed in Ben-Baruch and Yarden, 1994; Peles and Yarden, 1993).  Although 
these molecules were originally isolated on the basis of diverse biologic actions, they were 
subsequently found to share a common ability to induce tyrosine phosphorylation of the product of 
the c-neu proto-oncogene (Falls et al., 1993; Marchionni et al., 1993) a feature resulting in their 
collective designation as "neuregulins".  Consistent with this common activity, all NRG-1 isoforms 
contain a receptor-binding EGF-like domain.  However, cloning of NDF, GGF, ARIA and SMDF 
isoforms demonstrated that other regions of these molecules are structurally diverse, reflecting the 
fact that NRG-1 isoforms are translated from extensively alternatively spliced mRNAs transcribed 
from the single neuregulin-1 locus (Marchionni et al., 1993).  To date, over 15 NRG-1 isoforms 
have been identified.  The specific NRG-1 proteins expressed differ from tissue to tissue; in the 
nervous system, NRG-1β isoforms predominate (Meyer and Birchmeier, 1994).  Recently, three 
related genes (NRG-2, -3 and -4) were identified; initial analyses of clones encoding these proteins 
indicate that similar structural diversity is present at least among NRG-2 and -3 isoforms.  NRG-1 
proteins have been much more extensively studied, and this review focuses on their actions.  The 
receptors for NRG-1 are within the erbB family of membrane tyrosine kinases.  This group of 
receptors includes erbB1 (the EGF receptor), erbB2 (also known as HER2, c-neu), erbB3 (HER3), 
and erbB4 (HER4; reviewed in Ben-Baruch and Yarden, 1994; Peles and Yarden, 1993).  Although 
erbB1 is activated by a number of ligands including EGF, transforming growth factor-a (TGF-a), 
amphiregulin, betacellulin and heparin-binding EGF-like growth factor, erbB1 does not bind NRG-
1.  Instead, NRG-1 binds directly to erbB3 or erbB4 (Sliwkowski et al., 1994).  The interaction of 
NRG-1 with erbB3 or erbB4 stimulates recruitment of another erbB receptor to form a functional 
receptor complex.  ErbB2, which has no known ligand of its own, is the preferred dimerization 
partner for activated erbB3 and erbB4.  However, other hetero- and homodimerization events can 
and often do occur, including in particular the formation of erbB4-erbB4 homodimers. The 
functional diversity of NRG-1 signaling reflects, in part, the ability of these ligands to activate 
different erbB receptor combinations, resulting in the formation of receptor complexes with distinct 
biologic actions.  The differing biologic actions of these complexes reflect the fact that each erbB 
receptor has distinct functional characteristics.  For instance, erbB4 binds NRG-1 with an affinity 

 



Neuregulin in the mature brain           3 

 

that is an order of magnitude higher than that of erbB3.  Further, two residues critical for 
autophosphorylation are "mutated" in erbB3 (Carraway and Cantley, 1994; Schwartz, 1987), and as 
a result, erbB4 has a much higher tyrosine kinase activity than erbB3.  In addition, the cytoplasmic 
domains of erbB3 and erbB4 contain distinct sets of docking sites for cytoplasmic signaling 
molecules and thus recruit and activate different intracellular messengers.  Consistent with these 
differences in erbB3 and erbB4 actions, mice with genetic ablation of the erbB3 and erbB4 loci 
have distinct nervous system abnormalities.  Thus, the diverse biological actions of NRG-1 at any 
given location in the brain are modulated by the distribution and dimerization of erbB elements 
mediatingtheir signaling. 
 
NRG-1 plays an important role in development. 

NRG-1 proteins have multiple important actions on neurons in the developing nervous 
system.  Neuronally produced NRG-1 stimulates neurotrophin release from ganglionic satellite 
cells, promoting the survival and development of sympathetic neuroblasts (Verdi et al., 
1996).  NRG-1 also promotes the maintenance and elongation of radial glia in developing cerebral 
cortex (Anton et al., 1997) and cerebellum (Rio et al., 1997), stimulating neuroblast migration along 
these glial elements.  Further, NRG-1 promotes the survival of retinal ganglionic neurons and 
extension of neurites from these cells in vitro (Bermingham-McDonogh et al., 1996).  Activation of 
the erbB4 receptor by NRG-1 likewise induces neuronal-like differentiation in rat 
pheochromocytoma 12 (PC12) cells (Vaskovsky et al., 2000) and stimulates neurite outgrowth in 
cerebellar granule cells (Rieff et al., 1999).  Inaddition, PC12 cells which overexpress erbB3 also 
exhibit neuregulin-stimulated neurite extension (Gamett et al., 1995).  It is thus apparent that NRG-
1 has important effects on neuronal survival, migration and neurite outgrowth, suggesting that these 
factors may likewise impact on neuronal survival and neurite outgrowth in the injured and normal 
adult CNS.  During development, NRG-1 also has important effects on the expression of neuronal 
synapse-associated molecules.  NRG-1β stimulates (Subramony and Dryer, 1997) and is required 
for the functional expression of calcium-activated potassium channels (Cameron et al., 
2001).  NRG-1β also increases neuronal expression of several neurotransmitter receptor subunits, 
including NR2C NMDA (Ozaki et al., 1997), GABAA (Rieff et al., 1999) and nicotinic (a7, b4) 
acetylcholine (Yang et al., 1998; Liu et al., 2001) receptor subunits.  Considered together, these 
developmental findings implicate NRG-1 in neurite outgrowth and the expression of synapse-
associated proteins, two essential steps in synaptogenesis.   
 
NRG-1 acts on glia and neurons during synaptic remodeling in the brain. 

NRG-1 and its erbB receptors are highly and differentially expressed in human and rat brain 
(Chen et al., 1994; Gerecke et al., 2001), suggesting that they may modulate the reorganization of 
synapses, alter neuronal morphology and change synaptic strength in the adult CNS.  Consistent 
with this hypothesis, Eilam et al. (Eilam et al., 1998), found that the expression of NRG-1 and 
erbB4 are upregulated in the hippocampal formation following locomotor activity, seizures and the 
induction of long-term potentiation (LTP).  These findings closely mirror the upregulation of BDNF 
that results from stimulation of hippocampal afferents (Lindefors et al., 1992), seizure activity 
(Ballarin et al., 1991; Gall and Isackson, 1989), and neuronal damage (Hofer and Barde, 1988; 
Oppenheim et al., 1992; Yan et al., 1992; Sendtner et al., 1992).   NRG-1 also has multiple actions 
on glia that may be involved in adult nervous system responses to injury.  NRG-1 promotes the 
survival and maturation of astrocytes (Pinkas-Kramarski et al., 1994) and are involved in the 
activation of reactive microglia (Canoll et al., 1996).  In mature rats RG-1 and its erbB receptors are 
upregulated following local stab wounds Tokita et al., 2001), closed head injury (Erlich et al., 
2000), focal ischemia (Parker et al., 2002) and kainite acid treatment (Eilam et l., 1998).  These 
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NRG-1 responses are likely regulated by glutamatergic signaling (Eilam et al., 1998).  Similarly, 
reactive microglia in the white matter of multiple sclerosis patients display an enhanced expression 
of the RG-1 isoform GGF2 and its receptors (Cannella et al., 1999).  Further, our data demonstrate 
that in Alzheimer's diseased brain and in a double transgenic mouse model of the disease, reactive 
microglia and astrocytes surround β-amyloid plaques, and these glia densely concentrate NRG-1 
and erbB4, indicating that these molecules may play an important role in the CNS response to this 
neurodegenerative disease (Chaudhury et al., 2003).  Taken together, these studies indicate that the 
NRG-1 isoforms and their erbB receptors may play important roles in CNS injury and disease. 
 
NRG-1 is able to accelerate phenotypic development in differentiated neurons.  

We have differentiated hippocampal neurons from E18 embryos for five days and then 
cultured them in serum-free media in the presence or absence of 10 M recombinant NRG-1β 
(Gerecke et al., 2001).  In untreated cultures most neurons aggregated together and had short, 
simple processes.  In contrast, in NRG-1β treated cultures, the neurons were evenly dispersed and 
showed a marked increase in complexity, length and frequency of processes.  Further, NRG-1β 
treated neurons had greatly increased arborizations and dendritic contacts with other neurons.  All 
of these effects were present within 24 hours after NRG1β administration and persisted for the 
duration of the experiment.  These data are consistent with the hypothesis that NRG-1 significantly 
enhances the plasticity of differentiated neurons in the central nervous system and thus may play a 
significant role in remodeling in the mature brain. 

 
NRG-1 can directly alter synaptic transmission in the brain. 

Another important mechanism by which NRG-1 could affect neuronal remodeling is via a 
direct effect on synaptic activity.  Several growth factors directly modulate synaptic transmission, 
and this alteration contributes to the ability of these growth factors to modify neuronal remodeling 
in the brain, i.e., the remodeling is activity dependent, it can be modified by blockade of electrical 
activity (Okabe et al., 1999).  The neurotrophin BDNF offers an example of these effects, in that 
BDNF can elicit action potentials in neurons in the cerebral cortex, hippocampus, and cerebellum, 
leading to neuronal remodeling (Kafitz et al., 1999).  The acute, direct effects of NRG-1 on synaptic 
communication may be similarly very important to its ability to modify longer-term interactions 
between neuronal elements.  In vitro, NRG-1 inhibits the induction of long-term potentiation in area 
CA1 of adult rat hippocampus (Huang et al., 2000).  Further, NRG-1 expression in the hippocampus 
is activity-dependent.  For example, tetanic stimulation of the perforant path produces long-term 
potentiation and results in increased NRG-1 expression in the dentate gyrus and area CA3 (Eilam et 
al., 1998).  The receptors for NRG-1 are expressed at synapses, thereby; they are in a position to 
affect synaptic function.  In the adult brain, erbB receptors are associated with post-synaptic 
densities (PSD) where they interact with the PDZ domains of three membrane-associated guanylate 
kinases (MAGUKs), including PSD-95/SAP-90 (Garcia et al., 2000); therefore, it seems possible 
that NRGs exert rapid effects on channels in the central nervous system, thus contributing to the 
synaptic plasticity that has been observed in the adult brain.  Our recent studies demonstrate that 
NRG-1 can indeed modify neuronal transmission in vivo at both the entorhinal-dentate and the 
entorhinal-CA1 synapse in the rat hippocampal formation (Roysommuti et al., 2002).  
Microinjection of NRG-1β into the dentate gyrus causes a dose-related increase in the peak slopes 
of field excitatory postsynaptic potentials (fEPSP) in the dentate gyrus in response to entorhinal 
cortex stimulation.   Further, increasing doses of NRG-1β decrease the latency of this modulatory 
effect.  Injection of the reversible erbB tyrosine kinase inhibitor PD158780 causes a significant 
reduction in fEPSP slopes and blocks the effects of a subsequent NRG injections.  In contrast, 
microinjection of NRG-1β into CA1 has an opposite effect, i.e., it decreases the peak slopes 
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of  fEPSP at the entorhinal CA1 synapse.  These in vivo electrophysiological data demonstrate that 
at least in anesthetized rats, the transmission of electrical information from the entorhinal cortex to 
the specific areas within of the hippocampal formation can be differentially altered by infusion of 
NRG-1β.  Further, since acute blockade of NRG-1β signaling blunts entorhinal-dentate and 
enhances entorhinal-CA1 synaptic transmission, these data suggest that the modulatory effects of 
NRG-1 in the hippocampus are constitutively active.  The difference between the NRG-1β effects 
in the dentate gyrus versus CA1 may reflect differences in the abundance of erbB receptor subtypes 
in each location or a difference in NRG-1β induced actions on synaptic properties of the neurons 
involved.  

Interestingly, other neurotrophic factors may also differentially affect entorhinal-dentate 
compared to entorhinal-CA1 synaptic transmission.  We recently used an in vivo technique to 
examine the effect of brain-derived neurotrophic factor (BDNF) on entorhinal-hippocampal 
synaptic transmission (Roysommuti and Wyss, 2003).  Compared to NRG-1β, BDNF augmentation 
of the entorhinal-dentate field potential slope is slower in onset and more long-lasting.  Although 
the erbB receptor subunits are clearly differentially distributed in the hippocampal formation, there 
are currently no pharmacological agents that specifically block each of the erbB subunits. Thus, 
further understanding of the effects of NRG-1β in the hippocampal formation will require the 
development of either more specific pharmacological agents or transgenic mice in which the 
receptor subunits have been conditionally mutated.  A clue to one mechanism by which erbB 
receptors might affect acute synaptic transmission is provided by the recent study of Ma et al. (Ma 
et al., 2003).  Those data suggest that stimulation by NRG rapidly induces the translocation of 
erbB4 and its associated adaptor proteins to neuronal lipid raft fractions at postsynaptic densities, 
thus altering the capacity of signaling proteins in the rafts (e.g., Src and Erk) to modify synaptic 
events.  In their in vitro experiments, the net effect of NRG activation of erbB4 is to inhibit Schaffer 
collateral activation of CA1 pyramidal neurons, an effect consistent with our in vivo findings in 
CA1. 
 
Conclusion: NRG-1 is a pluripotential signaling molecule in the mature brain. 

In summary, while NRG/erbB receptor signaling is crucial during brain development, it also 
is important for the functions of the mature brain.  Further, the effects of this signaling cascade on 
synaptic function and remodeling in the mature brain appear to recapitulate the functions of 
NRG/erbB receptors in the developing brain.  Intriguingly, like other growth hormones, NRGs can 
directly modify synaptic transmission in the brain.  Thus, the NRGs and the erbB receptors serve as 
pluripotential signaling molecules, whose roles in the mature CNS may provide clues to therapeutic 
strategies for a wide range of CNS insults.   
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